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The results of simultaneous multifrequeny observations of giant radio pulses from
the Crab pulsar, PSR B0531+21, at 23, 111, and 600 MHz are presented and an-
alyzed. Giant pulses were deteted at a frequeny as low as 23 MHz for the first
time. Of the 45 giant pulses deteted at 23 MHz, 12 were identified with oun-
terparts observed simultaneously at 600 MHz. Of the 128 giant pulses deteted at
111 MHz, 21 were identified with ounterparts observed simultaneously at 600 MHz.
The spetral indies for the power-law frequeny dependene of the giant-pulse en-
ergies are from −3.1 to −1.6. The mean spetral index is −2.7± 0.1 and is the same
for both frequeny ombinations (600111 MHz and 60023 MHz). The large satter
in the spetral indies of the individual pulses and the large number of unidentified
giant pulses suggest that the spetra of the individual giant pulses do not atually
follow a simple power law. The observed shapes of the giant pulses at all three
frequenies are determined by sattering on interstellar plasma irregularities. The
satter broadening of the pulses and its frequeny dependene were determined as
2τsc = 20(ν/100)
−3.5±0.1
ms, where the frequeny ν is in MHz.
1. INTRODUCTION
The pulsar in the Crab Nebula, PSR B0531+21, was disovered by Staelin and Reifen-
stein [1℄ in 1968 as a result of detetion of anomalously strong pulses. Suh pulses were
subsequently alled giant. The peak flux in these pulses exeeds hundreds and thousand
times the peak flux in an average pulse formed by synhronous integration of the pulsar
signal with the neutron star rotation period, whih is equal for the pulsar B0531+21 to
approximately 33 ms. Giant pulses (GPs) of radio emission were deteted in several pulsars:
first milliseond pulsar B1937+21 [2, 3℄, milliseond pulsars J1824−2452 [4℄, B0540−69 [5℄,
B1957+20, and J0218+4232 [6℄ as well as milliseond pulsar J1823−3021A in the globular
luster NGC 6624 [7℄. GPs were deteted in the usual pulsars B0031−07 [8℄, B1112+50
[9℄, and J1752+2359 [10℄. In all these pulsars GPs are observed rather seldom, and their
properties have still been poorly studied.
The properties of GPs have been studied in more detail for the Crab pulsar B0531+21
(see, e.g., a brief review of Hankins [11℄) and first milliseond pulsar [1214℄. Together with a
high peak flux density, whih exeeds at deimeter wavelengths a hundred thousand janskys,
GPs from the pulsar B0531+21 have an extremely short duration. At 5.5 GHz Hankins et
al. [15℄ found in this pulsar outbursts shorter than 2 ns. Suh nanopulses have a brightness
temperature of radiation that exeeds 1037 K. Still higher brightness temperature (5×1039 K)
have been obtained for GPs from the milliseond pulsar B1937+21 [14℄. Thus, GPs suggest
a highly effiient mehanism of radio emission, and the analysis of their properties an result
in understanding the nature of this oherent mehanism.
An important harateristi of GPs is their radio spetrum. GPs from B0531+21 were
deteted at all frequenies where they were searhed for. For the first time GPs were deteted
at 112 MHz [1℄. Hankins [11℄ mentioned observing one GP at 15 GHz.
Of primary interest are simultaneous observations of GPs at several frequenies, when one
an obtain instantaneous spetra of individual pulses. In 1999 Sallmen et al. [16℄ published
the results of simultaneous observations of GPs from the pulsar B0531+21 at 1400 MHz
(VLA) and 600 MHz (25-m radio telesope of Green Bank Observatory). Approximately
70% of GPs deteted at 1400 MHz were also reorded at 600 MHz. The spetral indies
3of suh pulses are from −4.9 to −2.2. The same paper reports the results of simultaneous
observations at 1.4 and 4.9 GHz. The spetral indies for these frequenies were from−4 to 0.
Thus, though the average value of the GP spetral index was lose to that for the omponents
of the average pulse profile (aording to Moffett [17℄, in the onsidered frequeny band this
value is −3.0), but instantaneous spetra of individual GPs varied in rather broad limits,
indiating a omplex harater of the GP radio spetrum, whih annot be desribed by a
simple power law.
In this paper we report the results of the analysis of instantaneous spetra of GPs in
the radio emission from the pulsar B0531+21 that were measured in simultaneous observa-
tions at 23.23 MHz (UTR-2 radio telesope, Kharkov), 111.87 MHz (BSA radio telesope,
Pushhino), and 600.0 MHz (64-m radio telesope, Kalyazin).
2. OBSERVATIONS AND DATA PROCESSING
The observations were arried out on November 2426, 2003, within the framework of
the international program of multifrequeny studies of GP properties in the Crab pulsar. In
addition to the radio telesopes mentioned in the Introdution, the GP observations were
onduted also on the 100-m radio telesope at Effelsberg (8350 MHz), 76-m radio tele-
sope of Jodrell Bank Observatory (1400 MHz), and Westerbork Synthesis Radio Telesope
(1200 MHz). A omplete analysis of the multifrequeny observations will be presented in
other publiations.
2.1. 23 MHz
The observations at 23 MHz were onduted on the UTR-2 radio telesope. The radio
telesope is T-shaped and onsists of three segmented antennas: southern (S), northern (N),
and western (W), orresponding to the diretions from the UTR-2 phase enter. The UTR-2
struture uses broadband Nadeenko vibrators, whih reeive radiation with the EastWest
linear polarization. The total number of the UTR-2 vibrators is 2040. For more details
about UTR-2 and features of its system of amplifiers see [18, 19℄.
To solve our problem we have used a dual-hannel reeption system. The signal summed
from the S and N (S+N) antennas was fed to the first hannel of the reeiver, while the
4seond hannel was onneted to the output of the western antenna (W). This usage of the
antennas allowed us to have an additional riterion for the GP detetion by omparison of
the output signals from the two hannels. We hose idential reeiving frequenies for both
hannels; this allowed us to form the sum and differene beams for the (S+N) antenna and
W antenna.
We have used the dual-hannel Portable Pulsar Reeiver (PPR), whih was designed
in the Laboratory of Raman Researh Institute (Bangalore, India). The reeiver has an
internal rubidium standard and frequeny synthesizer, due to whih both hannels operate
synhronously. The reeiver implements digital heterodyning of the intermediate frequeny
signals and four-level (two-bit) quantizing of the output signal with a time step of 325 ns.
A detailed desription of this reeiver an be found on the Web site of Raman Researh
Institute [20℄.
The system noise temperature is determined by the Galati bakground radiation in the
main lobe of the antenna beam, by the radio emission of the Crab Nebula itself, and by the
self-noise of the reeiving system. Aording to Roger et al. [21℄, in the 2324 MHz band
the brightness temperature of the Galati bakground toward the Crab Nebula is 40,000 K.
The noise of the UTR-2 radio telesope adds 4000-5000 K. The ontribution of the Crab
Nebula to the noise temperature in this frequeny band is about 3000 Jy. The nonthermal
pointlike radio soure (pulsar) ontributes another 1000 Jy [22℄.
It is rather diffiult to make an aurate alibration and estimation of the UTR-2 sen-
sitivity toward the Crab pulsar. For the 2324 MHz range and used UTR-2 onfiguration
the Crab Nebula is a pointlike objet. Therefore, when observing in the deameter range,
we see fast sintillations on irregularities of the interplanetary plasma and ionosphere. We
must also take into aount the hange in the radio telesope effetive area due to traking
of the pulsar.
When estimating the atual UTR-2 sensitivity, we ompared in the alibration mode
the radio telesope response toward the pulsar with the response from the referene noise
generator plaed at the phase enter of the radio telesope. A similar omparison was done
in additional observations of the Galati bakground near the Crab Nebula. The main
beam of the radio telesope was shifted from the Crab Nebula by approximately 2
◦
in four
diretions. To remove the effet of sintillations on the sensitivity estimate and to determine
the bakground level orretly, we smoothed the data obtained during 2 h of the observations.
5This approah allowed us to estimate more orretly the brightness temperature of the
Galati bakground near the diretions toward the pulsar; aording to our estimates, it is
50, 000 ± 4000 K at the frequenies 23-24 MHz. With the additional noise from the Crab
Nebula and pointlike soure, we obtained an estimate of the noise toward the pulsar realu-
lated to flux density units, approximately 9000 Jy. With signal averaging over the reeption
band (1.5 MHz) and over time (0.26624 s) we obtained an estimate of the sensitivity, i.e.,
rms deviation in flux density units, 15 Jy in the mode of registration of individual GPs.
We onsider that the inauray of this estimate, in view of the errors of alibration and
influene of sintillations, does not exeed 30%.
The effet of radiowave dispersion was removed by the method of oherent dedispersion
[23℄. In the signal restoration we used the dispersion measure 56.757 p/m
3
taken from the
Jodrell Bank Crab Pulsar Monthly Ephemeris [24℄. At the frequeny f0 = 23 MHz in the
used frequeny band ∆f = 1.538 MHz the dispersive pulse broadening in interstellar plasma
for the pulsar dispersion measure 56.757 p/m
3
is ∆t = 52.5 s. When restoring the signal by
oherent dedispersion on the time interval T the data segment with the duration ∆t will be
lost at the beginning or end of the total time interval T , depending on whether dedispersion
is applied to the lower or upper end of the frequeny band ∆f . Therefore, the time interval
T on whih dedispersion is implemented must appreiably (at least by a fator of two)
exeed ∆t. We performed dedispersion in ten passes, eah time ompensating one-tenth of
the total dispersion measure. In suh an approah the time interval T was 10.9052 s, and
the time ∆t for DM = 5.6757 p/m3 was aordingly 5.253 s. The data file for the Fourier
transform had a size of 33 554 432 elements. Sine the expeted magnitude of pulse sattering
on interstellar plasma irregularities was several seonds, we analyzed the retrieved reord
of the signal with averaging over a time interval of 0.26624 s. Before the detetion of the
first obvious GP, the retrieved signal was examined by eye; then we applied an automati
proedure of isolation of suspiious events based on the alulation of the onvolution of the
restored signal with a template repeating the shape of the deteted pulse. The formal searh
riterion was established at a level of 5 σ for the values of the omputed onvolution. The
subsequent analysis showed that using the riterion of detetion at a level of 5 σ yields the
number of false GPs less than 10%. This analysis was onduted by omparing the number
of events deteted in the signal that was retrieved at the final value of the dispersion measure
(56.757 p/m
3
) with the number of events deteted in the signal at an intermediate stage
6of reovery, at the value of the dispersion measure 45.4 p/m
3
.
The time alignment of the observations at 23 MHz was provided by injeting to the first
hannel of the reeiver time markers bound to the time servie of the observatory. The lok
rate of the time servie was heked before eah observational session with GPS signals. The
marker repetition period was 10 s, the marker duration was 20 ms, and for eah whole minute
an expanded marker with a duration of 100 ms was formed. The formal auray of the time
alignment of the reorded data was about 0.1 ms. The effetive GP width was 4.0 seonds.
The atual auray of the time alignment of the deteted GPs is determined by the duration
of the leading edge of these pulses and makes about 1 s.
2.2. 111 MHz
The observations were arried out on the BSA transit radio telesope of Pushhino Radio
Astronomy Observatory (Astro Spae Center, Lebedev Institute of Physis) with the effe-
tive area at the zenith of about 15 000 m2. The flux sensitivity of the system as measured
on disrete soures and pulsars with the known flux was σS ≈ 200 mJy/MHz s (toward
a sky area with the brightness temperature 1000 K). One linear polarization was reeived.
A 64-hannel reeiver with the hannel bandwidth ∆f = 20 kHz was utilized. The total
frequeny band was 1.28 MHz. The frequeny of the first (highest frequeny) hannel was
111.87 MHz. The sampling interval was 8.2 ms. The time onstant τ = 10 ms. Individual
pulses were reorded.
The proessing of the observations was performed in automati mode. The reords were
leaned of interferene, and interhannel ompensation for the dispersion delay was applied.
Pulses exeeding noise at a 5 σ level were seleted; their amplitude, phase, and pulse width
were determined.
To onfirm the pulse belonging to the pulsar, we proessed the observational data with
splitting into groups of different frequeny hannels; proessing showed the presene of a
pulse in eah group and the expeted dispersion delay. Another test was proessing with var-
ied dispersion measure. As expeted for the pulsar, the pulse magnitude and signal-to-noise
ratio are maximum at proessing with the nominal dispersion measure DM = 56.757 p/m3.
The flux density was alibrated against the observations of the pulsar B1919+21. For
these two pulsars all the parameters of the BSA beam pointing are idential. We have used
712 sessions of observations of the pulsar B1919+21. The 111-MHz flux density of the pulsar
B1919+21 was adopted to be 1.55 Jy.
At 111 MHz the time alignment of the observations was done with the rubidium standard
of the observatory time servie ontrolled by TV signals of the State Time and Frequeny
Standard. The timing auray was better than 100 µs. The measured effetive pulse width
due to sattering is 25 ms. The auray of the pulse arrival time at this frequeny is also
limited by the effet of sattering and is 2 ms.
2.3. 600 MHz
The observations at 600 MHz were onduted on the TNA-1500 radio telesope in
Kalyazin. The radio emission was reeived in two hannels with left-hand (LCP) and right-
hand (RCP) irular polarizations. In eah polarization hannel two 4-MHz frequeny bands
(upper and lower side bands) were reorded. The entral frequeny is 600.0 MHz. The time
resolution was 250 ns. The data were reorded on video assettes in a two-bit binary ode by
means of the S2 reording system. The data were played bak off-line after the observations
in Astro Spae Center of the Lebedev Institute of Physis on a speialized S2-RDR system,
whih had been designed in Astrophysial Data Proessing Department. The equivalent
system temperature is 1300 Jy in view of the ontribution of the radio emission from the
Crab Nebula [25℄. To improve the sensitivity of the GP searh, we averaged the signal over
256 points (32 µs), beause at 600 MHz the temporal broadening of pulses due to radiowave
sattering on interstellar plasma irregularities is about 50 µs. With this averaging the flu-
tuation sensitivity was 110 Jy (at a σ level). In the GP searh we ombined in a ertain
way the signals in four reorded hannels, so the resulting minimum detetable GP peak
flux was 420 Jy. The tehnique of proessing and riteria of GP detetion were desribed in
our previous publiation [26℄.
The time alignment of the 600-MHz observations was done with a hydrogen standard
of the observatory time servie ontrolled by TV signals of the State Time and Frequeny
Standard and by GPS signals. The timing auray was 0.1 µs. At this frequeny the
auray of the pulse time of arrival is limited by the effet of sattering and is 10 µs. The
average GP profile at 600 MHz with a time resolution of 4 µs is presented in the figure.
8Table 1. Observational data
Frequeny, MHz 600.0 111 23.23
Time of the observations, h 36 0.25 12
Number of deteted GPs 40 200 128 45
Number of identified GPs 21 12
τsc, ms 0.043 ± 0.005 15± 3 3 000 ± 1 000
Speakmin , Jy 420 60 75
Speakmax , Jy 34 000 700 150
Emax, Jy ms 2 000 17 000 600 000
3. RESULTS
The table lists main observational parameters: total observational time at eah frequeny,
number of deteted GPs, number of GPs at 111 and 23 MHz identified with ounterparts at
600 MHz, pulse satter-broadening τsc, minimum peak flux density of detetable GPs S
peak
min ,
maximum peak flux density of observed GPs Speakmax , radiation energy of the strongest GP
Emax.
Three observational sessions were arried out. At 23 MHz the total duration of the
sessions was about 1 300 000 pulsar periods. During this time 45 GPs (1 GP per approx-
imately 30 000 pulsar periods) with peak flux densities exeeding 75 Jy, or with energies
above 300 000 Jy ms, were reorded. No GPs were deteted at 23 MHz during the time
ommon with the 111-MHz observations.
In three observational sessions (about 4 min eah) at 111 MHz, whih inluded about
20 000 pulsar periods 128 GPs (approximately 1 GP per 160 pulsar periods) with peak flux
densities exeeding 60 Jy, or with energies above 2000 Jy ms, were reorded. The energy of
the strongest GP exeeds the energy of the average pulsar pulse by a fator of approximately
4050.
The total duration of the observations in Kalyazin was 36 hours; 40 200 GPs (1 GP per
approximately 100 pulsar periods) with peak flux density exeeding 420 Jy, or with energies
above 25 Jy ms, were reorded; 518 of them were observed in time ommon with the 111-MHz
observations.
The smaller number of GPs deteted at low frequenies is due to a derease in the peak
9flux density of the observed GPs beause of pulse satter-smearing and inrease in the
brightness temperature of the Galati bakground. Therefore, only the most intense GPs
were detetable.
The figure shows examples of individual GPs at eah frequeny (left) and average GP
profiles (right). In this figure the time resolution is 0.26624 s, 8 ms, and 4 µs for 23, 111, and
600 MHz respetively. The average GP profile at 23 MHz was obtained by averaging ten
strongest pulses, whih were time-aligned by the maximum of the onvolution used in the
GP searh at this frequeny. At 600 MHz the average GP profile was obtained by averaging
all strong pulses with peak flux densities exeeding 1000 Jy. With suh averaging individual
pulses were aligned by a point at the leading edge for whih the maximum deviation from
the average value was less than 30% of the maximum amplitude of this pulse on the reord
averaged over a time interval of 4 µs. The shape of the average pulse in all three ranges is
produed by sattering on interstellar plasma irregularities.
GPs were identified at different frequenies by oinidene of pulse arrival instants re-
dued for the dispersive delay to an infinitely high frequeny with the dispersion measure
56.757 p/m
3
. At 600 and 111 MHz we have identified 21 simultaneous GPs. The spetral
indies in the frequeny dependene of the energies of these GPs are from −3.1 to −1.6. The
mean spetral index is −2.7± 0.1. For pulses observed at the detetion limit the spetral
index for these frequenies is −2.6. Sine the majority of GPs deteted at 600 and 111 MHz
have remained unidentified, we an onlude that 95% of pulses deteted at 600 MHz have
spetral indies with respet to 111 MHz that are less steep than −2.6, while 85% of GPs
deteted at 111 MHz, have spetral indies steeper than −2.6.
The most interesting result of our observations is the detetion of GPs at 23 MHz. To
identify them with ounterparts deteted at 600 MHz we have supposed that GPs at 23 MHz
that oinide with GPs at 600 MHz within 1-s interval are simultaneous. To redue the
number of spurious identifiations with GPs at 600 MHz, whih are deteted approximately
every 3 s, we identified events at 23 MHz only with strong pulses at 600 MHz, whih
exeeded the 10 σ level (1100 Jy). For hane events only two identifiations were expeted.
We identified 12 simultaneous events. The spetral indies in the frequeny dependene of
the energies of these identified GPs are from −3.1 to −2.5. The mean spetral index is
−2.7± 0.1.
This value of the spetral index should be treated with aution, beause it is subjet to the
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Figure 1. Upper left panel: a strong GP reorded at 23 MHz in two hannels of
the UTR-2 radio telesope. Short periodi splashes in the lower urve reflet 10-s mark-
ers injeted into the reeiving hannel for time alignment. Upper right panel: average pro-
file of GPs at 23 MHz obtained by averaging ten strongest pulses in the hannel onneted
to the western arm of the UTR-2 antenna. Middle and lower panels: examples of an in-
dividual GP (left) and average GP profile (right) at 111 and 600 MHz respetively.
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seletion effet. We ompared at both frequenies a small number of pulses that exeeded
the adopted detetion limit. For pulses whose energies mathed the detetion limits at both
frequenies the spetral index is −2.6, while pulses with spetral indies that appreiably
differ from this value are unobservable at one or another frequeny. Sine during 12 h of
simultaneous observations at 600 MHz we reorded about 1500 GPs with peak flux densities
above 10 σ and only 12 pulses were identified with the events at 23 MHz, the overwhelming
majority of GPs deteted at 600 MHz have spetral indies less steep than −2.6. On the
other hand, we an assert on the same basis that a notieable fration of GPs deteted at
23 MHz (about two thirds) have spetral indies steeper than −2.6.
The detetion of giant pulses at 23 MHz has enabled us to expand the range for the
measurement of the frequeny dependene of pulse satter-broadening to deameter waves.
GPs are observed as very infrequent isolated pulses of a large intensity, whih by far exeeds
the mean level of the pulsar radio emission. This distinguishes GPs from a regular sequene
of usual pulses, eliminates the effet of subsequent pulses, and enables measurements at low
frequenies, where the pulse satter-broadening exeeds the pulsar period.
The magnitude of the pulse satter-broadening was determined by a omparison of the
observed average GP profile with a model-sattered template representing the initial pulsar
pulse. As a template a Gaussian pulse was taken. The template pulse was model-sattered
by a onvolution with a trunated exponent desribing sattering on a thin sreen. The
observed pulsar pulse was least-square approximated with the obtained model-sattered
pulse. The magnitude of satter-broadening τsc, amplitude, width, and time delay of the
template pulse were the sought parameters.
At 111 MHz the average GP profile was obtained from observations with a higher time
resolution done on the days adjaent to the simultaneous observations. The table lists
the results of the measurement of pulse satter-broadening. A least squares fit yields the
frequeny dependene τsc = 20(ν/100)
−3.5±0.1
(where τsc is in ms, and ν is in MHz), whih
mathes well broader band measurements of the frequeny dependene of sattering for this
pulsar [27℄: τsc = 22(ν/100)
−3.8±0.2
.
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4. CONCLUSION
We have performed simultaneous observations of giant pulses in the Crab pulsar (PSR
B0531+21) radio emission at 600, 111, and 23 MHz. We have deteted for the first time
giant pulses at the lowest frequeny 23 MHz. Thus, the mehanism of generation of giant
pulses extends to the deameter frequeny band. The mean spetral index α of the frequeny
dependene for the energy of identified pulses is idential in the 600111 and 60023 MHz
ranges and is equal to −2.7. A onsiderable range of variations in the GP spetral indies and
a large number of unidentified pulses suggest that the representation of instantaneous spetra
of giant radio pulses of the pulsar B0531+21 by a simple power law does not desribe the
true shape of the radio spetrum of these pulses, whih may have a omplex form. We have
measured pulse satter-broadening and its frequeny dependene: τsc = 20(ν/100)
−3.5±0.1
.
The exponent of this power law differs from the values predited either by the Kolmogorov
model for the spetrum of irregularities of sattering plasma (−4.4) or by the Gaussian model
(−4.0). We attribute this fat to a onsiderable ontribution of the Crab Nebula itself to
sattering of the pulsar radio emission.
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